The enhancement in ferromagnetism and ferroelectricity at room temperature for Pb 0.7 Sr 0.3 ͑Fe 0.012 Ti 0.988 ͒O 3 ͑PSFT͒ nanoparticles is proved by magnetization and polarization hysteresis loop. The x-ray diffraction and micrograph show that the PSFT nanoparticles have distorted tetragonal single phase, and their average particle's size is 8 nm. The effect of Sr content reduces the particle size, and hence the multiferroic system becomes more resistive, which dominates the superparamagnetic/paraelectric relaxation. The variable-range-hopping conduction mechanism explained the high resistivity of PSFT nanoparticles, which suggests that the room temperature movement of electrons involves short-range order through defect states.
The emerging trend of size reduction in nanomultiferroic system becomes more interesting in its field. In fact, the small nanomultiferroic systems have remarkable electric ͑i.e., spontaneous polarization͒ as well as magnetic ͑i.e., saturation magnetization͒ orders, which may be due to the short-range movement of electrons within the Fermi gap, and thus increase resistivity. These electromagnetite nanoparticles are used in data-storage media, 1 spintronic devices, 2 and multiple-stage memories. 3 The most studied multiferroic systems of BiFeO 3 have low resistivity, 4 which results in weak ferromagnetism 5 and small polarization at room temperature. 6 Li et al. 7 reported the low resistivity in BiFeO 3 system, i.e., dependent on oxygen vacancies, low valence Fe ion due to their nonstiochiometric behavior and incomplete charge compensation, which may effect the distortion of the lattice. Rossiter et al. 8 reported that the highly resistive magnetoelectric semiconductor attributes short-range interaction between the conduction and the localized spin electrons, which are highly disordered and contribute weak superparamagnetic/paraelectric relaxation. In our previous work of Fe-doped PbTiO 3 nanoparticles, 9 the effect of polyvinyl alcohol ͑PVA͒ to reduce the particle size, which resulted in an increase in resistivity and improvement in ferromagnetism, was observed. The reported value of resistivity was in the order of 10 10 ⍀ cm, which is higher than other multiferroic systems such as BiFeO 3 . The resistivity of Fedoped PbTiO 3 system can further increase by reducing particle size with Sr substitution. Pontes et al. 10 reported the effect of Sr doping in PbTiO 3 to reduce grain size because the Sr content attributes lower grain-growth rates due to the slower diffusion of Sr 2+ with Pb 2+ ion. The substitutions of Sr at Pb site and Fe at Ti site may provide relaxation stability and interesting transport properties. In literature, 11, 12 different stabilized relaxation processes were studied with varying temperature by a variable-range-hopping ͑VRH͒ conduction mechanism, which was employed when the conduction band is absent, and the extended states are far away from the Fermi level.
In this letter, we report the enhanced ferromagnetic and ferroelectric properties of highly resistive Pb 0.7 Sr 0.3 ͑Fe 0.012 Ti 0.988 ͒O 3 ͑PSFT͒ nanoparticles by VRH conduction mechanism. The PSFT nanoparticles has been prepared by using chemical route and PVA as surfactant. The details of material processing were given elsewhere. 9 The structural and microstructural characterizations have been carried out by x-ray diffraction ͑XRD͒ ͑using X-Pert PRO͒ and transmission electron microscopy ͑TEM͒ ͑using Hitachi H-7500͒. The electrical measurements were carried out on PSFT pellet sample sintered at 1000°C in the temperature range of 298-470 K by using Keithley 2611 source meter. For these measurements, Ag contact was deposited on both the surface of pellet as top and bottom electrodes. The saturation magnetization was measured on the powder sample of PSFT sintered at 700°C by using VSM-735. The electrical polarization was carried out on poled pellet samples sintered at 700 and 1000°C by using Radiant Technologies ferroelectric test system.
The XRD pattern indicates the distorted tetragonal ͑c / a ϳ 1.0032͒ single phase of PSFT nanoparticles heated at 700°C for 2 h ͓Fig. 1͑a͔͒. The observed relative intensity of ͑101͒ peak is large, when comparing it to standard Pb͑Fe, Ti͒O 3 . This implies that the crystal growth occurs along the ͑101͒ direction, and the distorted structure is very close to cubic, indicating the uniformity in the close packing of grains. The average particle's size calculated from XRD peak using Scherrer's formula 13 is 8 nm. The observed particle size is smaller than that reported as 30 nm in our previous system of Pb͑Fe 0.012 Ti 0.988 ͒O 3 . 9 The reduction in particle size is due to Sr content, which is discussed earlier in the previous section. When the nanoparticles are sufficiently uniform in size, they self-assemble in close-packed, ordered nanoparticles superlattices, which can reduce the effect of superparamagnetic/paraelectric. 14 This is well illustrated in Fig. 1͑b͒ , which shows a TEM image of PSFT nanoparticles, i.e., average particle's size is 7 nm. The ferromagnetic properties of PSFT nanoparticles at room temperature shows a saturation magnetization, ͑M s ͒ ϳ 64.4ϫ 10 −3 emu/ g ͑0.81 B / Fe͒, and coercive field ͑H c ͒ ϳ 35 Oe ͓Fig. 2͑a͔͒. This value of coercive field is very small as compared to some Pb͑Fe, Ti͒O 3 system of nanoparticles. 9, 15 The similar behavior was also found in Pb͑Fe, W͒TiO 3 system of thin film. 16 It is reported that the spin canting due to small distortion between Fe 3+ -O-Fe 3+ spins, results in weak ferromagnetism. Sr 2+ ion in PSFT reduces the particles size as well as the degree of distortion. The alignment of grains might be uniform, which can raise resistivity within field ions, and hence the superparamagnetic behavior will be reduced. This type of ferromagnetic behavior was explained by Coey et al. 2 for their system of Fe-doped SnO 2 , This suggested that the electrons trapped into oxygen vacancies via F-center. In addition, the charge compensation required by doping of Sr 2+ ion might result in the formation of Fe 4+ or oxygen vacancies; the former may distribute statistically with Fe 3+ ion and lead to improve ferromagnetism. 17 Figures 2͑b͒ and 2͑c͒ show the ferroelectric properties of the PSFT nanoparticles at room temperature sintered at 700 and 1000°C, respectively. At 50 Hz the frequency of polarization and maximum applied electric field of Ϯ15 kV/ cm, spontaneous polarization P s ϳ 8. for Pb͑FeTi͒O 3 system, the present system of Sr-doped Pb͑Fe, Ti͒O 3 shows better spontaneous polarization. This improvement may be attributed to small particles, which can easily control crystalline structure, defects, oxygen vacancies, and stiochiometry. Figure 3 shows temperature dependent dc resistivity of PSFT nanoparticles. The observed value of resistivity lies in the order of 10 11 ⍀ cm, which is quite higher than other multiferroic systems such as BiFeO 3 . The general exponential fitting of resistivity with temperature ͑1 / T͒ cannot explain the conduction band, because the calculated value of activation energy is less than the parent PbTiO 3 and SrTiO 3 . The activation energy up to 470 K is much less than half of the band gap, indicating extrinsic conduction, i.e., the conduction band is absent and the electrons transport takes place within Fermi gap through defect states.
Mott and Davis 19 explained these defect states by a VRH conduction mechanism that holds in the present system by fitting resistivity under different exponents of temperature. The best fitting and satisfactory result is obtained by using
where B =4E / ͑K B T 3/4 ͒ and E is the activation energy for VRH. The plot log 10 As a result, the path of electrons formed by optimal pair hopping rate from one localized state to another through short range in the disorder system. Above room temperature, the concentrations of magnetic ions and their clusters links increase and result in a long-range movement of electrons. The activation energy by VRH mechanism is E = 0.98 meV in the lower temperature region of 300 K, which increases to 1.05 meV at 470 K. A similar behavior was also obtained by Ang et al. 20 This suggested that the hopping of electrons at or below room temperature involves short-range movement. At higher temperature it involves long-range movement, which gives dc conduction.
In summary, we have studied the effect of Sr content to reduce the particles size in chemically prepared PSFT nanoparticles. The XRD and micrograph show that the average particle's size is 8 nm. The improvement in saturation magnetization M s ϳ 64.4ϫ 10 −3 emu/ g and spontaneous polarization P s ϳ 20.7 C / cm 2 are observed at room temperature. The high resistivity ͑in the order of 10 11 ⍀ cm͒ of PSFT particles suggests that the band conduction is absent, and their transport mechanism can be explained by VRH. The observed VRH mechanism shows that the short-range movement of electrons takes place at room temperature, whereas at higher temperature region, it involves long-range order. 
